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APPARATUS AND METHODS FOR 
HYDROGEN SEPARATION/PURIFICATION 
UTILIZING RAPIDLY CYCLED THERMAL 

SWING SORPTION 

FIELD OF THE INVENTION 

The present invention relates to hydrogen Separation by 
thermally cycled Sorption and desorption. The invention also 
relates to apparatus containing hydrogen Sorbents. 

INTRODUCTION 

Purified hydrogen has long been and continues to be used 
in a variety of industrial processes. For example, petroleum 
refineries are using increasing quantities of hydrogen to 
meet regulatory requirements on diesel, gasoline, and other 
petroleum products. Hydrogen-based treating processes are 
expected to grow Substantially because fuel regulations in 
North America, Europe, and other regions are becoming 
increasing Stringent. For example, the Sulfur levels in U.S. 
diesel fuels must decrease from the current level of 250 ppm 
to 15 ppm by 2007. While several options exist for lowering 
Sulfur levels, all of commercially available processes require 
a hydrogen input Stream. 

Another major use of hydrogen is in upgrading crude oil 
to make gasoline. To meet the World's increasing demand 
for gasoline, it has been necessary to develop poorer grades 
of crude oil that are denser and require hydrogenation for 
upgrading to gasoline. 

Additionally, for more than 10 years there have been 
intense research and development efforts directed toward 
hydrogen as a clean power Source for fuel cells. Compared 
to conventional power Systems, hydrogen-powered fuel cells 
are more energy efficient, more robust, and leSS polluting. 
Fuel cells can totally eliminate oZone and nitrogen oxides, 
the most noxious precuSors of Smog. However, problems 
Such as excessive cost, equipment size, and process com 
plexity have prevented hydrogen-based fuel cell technology 
from replacing most conventional power Sources. 

The present invention provides apparatus and methods for 
Separating hydrogen. The invention can be used, for 
example, to purify hydrogen formed in a Steam-reforming 
reaction (typically a gas containing hydrogen, carbon mon 
oxide and carbon dioxide). Compared to conventional 
hydrogen Separation technology, many of the configurations 
and procedures of this invention are relatively simple, Scale 
able over a broad range, including Small, and are amenable 
to cost-effective mass production. 

SUMMARY OF THE INVENTION 

In a first aspect, the invention provides a method of 
Separating hydrogen gas. In this method, a hydrogen 
containing gas mixture passes into a channel at a first 
temperature. This channel includes a Sorbent within the 
channel that has a Surface exposed to the gas. Flow through 
the channel is constrained Such that in at least one croSS 
Sectional area of the channel, the furthest distance to a 
channel wall is 0.5 cm or less. The sorption, at this first 
temperature, occurs at a rate of at least 0.1 mol of H2/ 
(second)(cm of sorbent), where the volume of sorbent is the 
volume of Sorbent used in the method and where the rate is 
averaged over the Sorption phase of each cycle and the “first 
temperature' is the average temperature of the Sorbent 
(measured, for a film, at the interface of the Sorbent film and 
the Surface of the flow channel or, for a porous Sorbent, 
within a porous Sorbent) during the Sorption phase. Then, 
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2 
energy is added to the Sorbent to increase temperature of the 
Sorbent to a Second temperature that is higher than the first 
temperature. At the Second temperature, hydrogen is des 
orbed and hydrogen gas is obtained. The "Second tempera 
ture' is the average temperature of the Sorbent (measured as 
above) during the desorption phase. 

In a Second aspect, the invention provides a method of 
Separating hydrogen gas that includes a first Step of Sorbing 
hydrogen gas. In this first Step, a hydrogen-containing gas 
mixture is passed into a channel at a first temperature. This 
channel includes a Sorbent within the channel that has a 
Surface exposed to the gas. In a Second Step, energy is added 
to the Sorbent to increase temperature of the Sorbent to a 
temperature that is higher than the first temperature. Then, in 
a third Step hydrogen gas desorbs at a Second temperature 
that is higher than the first temperature and hydrogen gas is 
obtained. In this method, the Second and third Steps, 
combined, take 10 seconds or less and at least 20% of the 
hydrogen sorbed in the first step is desorbed from the 
Sorbent. 

In a third aspect, the invention provides a method of 
Separating hydrogen gas from a gas mixture, in which, in a 
first Step, at a first temperature, a hydrogen-containing gas 
mixture contacts a Sorbent that SorbS hydrogen. This Sorbent 
includes a layer of Pd or Pd alloy overlying a hydrogen 
Sorbent. Then Subsequently, in a Second step, energy is 
added to the Sorbent, thus bringing the Sorbent to a Second 
temperature that is at least 5 C. higher than the first 
temperature and hydrogen desorbs from the Sorbent. The 
deSorbed hydrogen obtained is in a higher purity form than 
the feed gas mixture. 

In a fourth aspect, the invention provides a method for 
Separating hydrogen from a gas mixture, wherein a 
hydrogen-containing gas mixture is passed into a first Sorp 
tion region at a first temperature and first pressure, wherein 
the first Sorption region comprises a first Sorbent and 
wherein the Sorbent temperature and pressure in the first 
Sorption region are Selected to favor Sorption of hydrogen 
into the first Sorbent in the first Sorption region. Hydrogen is 
Selectively removed from the gas mixture resulting in Sorbed 
hydrogen in the first Sorbent and a relatively hydrogen 
depleted gas mixture. The relatively hydrogen-depleted gas 
mixture passes into a Second Sorption region at a Second 
temperature and Second pressure. The Second Sorption 
region comprises a Second Sorbent, and the temperature and 
preSSure in the Second Sorption region are Selected to favor 
Sorption of hydrogen into the Sorbent in the Second Sorption 
region. Hydrogen is Selectively removed from the relatively 
hydrogen-depleted gas mixture resulting in Sorbed hydrogen 
in the Second Sorbent and a relatively more hydrogen 
depleted gas mixture. The Second temperature is different 
than the first temperature. Heat is added to the first sorbent, 
through a distance of about 1 cm or less to Substantially the 
entire first Sorbent, to raise the first Sorbent to a third 
temperature and hydrogen desorbS from the first Sorbent. 
Heat is added to the Second Sorbent, through a distance of 
about 1 cm or less to Substantially the entire Second Sorbent, 
to raise the Second Sorbent to a fourth temperature, and 
hydrogen desorbs from the Second Sorbent. Hydrogen des 
orbed from the first and second Sorbents is obtained. The 
amount of hydrogen obtained from the first and Second 
Sorbents is greater than the amount that would have been 
obtained by operating the first and Second Sorbents at the 
Same temperature, given the same total amount of added 
heat. Although this fourth aspect of the invention is gener 
ally applicable, it is preferred to locate the Sorbent in a 
channel having a dimension of one cm or less that is in 
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thermal contact with a heat eXchanger to achieve rapid and 
efficient thermal transport. 

The invention also provides an hydrogen Separation appa 
ratus in which a flow channel having an internal Surface that 
comprises palladium (which includes a palladium alloy) on 
at least a portion of the internal Surface. The flow channel 
has at least one dimension of 1 cm or less, and a heat 
eXchanger is in thermal contact with the flow channel. 

The invention further provides an hydrogen Separation 
apparatus in which a flow channel includes an inlet, an outlet 
and a sorbent disposed between the inlet and the outlet. The 
Sorbent comprises a hydrogen Sorbent having a Surface 
coating over more than 90% of the surface of the hydrogen 
Sorbent, wherein the Surface coating comprises palladium. A 
heat eXchanger is in thermal contact with the Sorbent. 

In yet another aspect, the invention provides an hydrogen 
Separation apparatus containing a flow channel with a thin 
film of a hydrogen sorbent. Because the film is so thin, it 
adheres to the apparatus even after multiple Sorption/ 
desorption cycles-conditions in which conventional hydro 
gen Sorbents (such as nickel) would crumble. 
Any of the apparatus described herein can be used to 

Separate hydrogen from a hydrogen-containing gas mixture. 
The invention includes this apparatus and methods using any 
of the apparatus described herein to Separate hydrogen. 

The low pressure changes involved in the temperature 
Swing sorption (TSS) process of the invention allow very 
thin metal Shim and foil construction, hence, allowing very 
low metal mass and therefore very fast cycle times. Thin 
walled construction also allows high Surface area per Vol 
ume of TSS device, thereby producing high rates of pro 
ductivity per unit volume of equipment, thereby providing a 
high productivity rate needed for industrial Scale processing. 
Also, an important facet of the invention is that the high 
surface area per unit volume (SA/V) feature of the hardware 
allows the sorbent to be deposited within the device in a high 
Surface area, thin film fashion. Hence, the hydride, once 
formed on the Surface of the Sorbent, does not need to 
migrate far to fully load the Sorbent internal Solid Volume, 
which, in comparison, would be a slow process in conven 
tional Sorbent beds containing coarse particles that are 
needed to reduce pressure drop acroSS the bed. At these 
conditions, Pd loads very little hydrogen. In the present 
invention, the thin metal film/foil/shim can be fully loaded 
with hydride quickly due to the short diffusion distances. A 
benefit to the above TSS design is that, since only very thin 
Sorbent layers are needed, Sorbent material normally con 
sidered too costly, Such as Pd, can be used. 

Although the ability of palladium to Selectively Sorb large 
Volumes of hydrogen has been long known, we have Sur 
prisingly discovered that a fast rate of Sorption and desorp 
tion occurs for hydrogen, in properly constructed apparatus 
or properly conducted methods, allows rapid thermal 
cycling to efficiently Separate relatively large Volumes of 
hydrogen gas (henceforth just hydrogen) with relatively 
Small hardware Volumes. Numerous advantages are pro 
vided by various embodiments of the present invention 
including: reduced cost, reduced Volume of Separation 
hardware, durability, Stability, Separation Speed, ability to 
Separate large Volumes of hydrogen with a Small Volume of 
equipment, improved energy efficiency and reduced cost 
relative to packed bed or membrane technology. 

The invention includes apparatus having any of the con 
figurations indicated in the figures. However, these specific 
configurations are not the only means to carry out the 
invention and, therefore, should not be interpreted as limit 
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4 
ing the inventive apparatus or methods. The invention also 
includes methods in which a hydrogen-containing gas mix 
ture passes through any of the illustrated apparatus. For 
example, with reference to FIG. 5a, the invention includes 
a method in which a hydrogen-containing gas flows through 
a flow distribution sheet and the distributed flow passes into 
a Sorbent-containing compartment. 

Glossary 
“Hardware volume” means the external volume of the 

hydrogen Separator apparatus including the Sum of all 
parts if the apparatus is not integrated in a single unit. 

“Internal Surface” refers to the Surface area in the interior of 
the flow channel that is exposed to flowing gas. Internal 
Surface may be measured by appropriate techniques Such 
as optical measurement or N2 adsorption. 

"Sorption/desorption” refers to the total amount of gas taken 
in without regard to the mechanism by which the gas is 
taken in. In other words, “Sorption' is the Sum of adsorp 
tion and absorption. 

The term "hydrogen-containing gas mixture” means a gas 
mixture containing between 1 and 999,999 parts per 
million (ppm) hydrogen (including its isotopes) and at 
least one ppm of a gas other than hydrogen or its isotopes. 

The term “obtaining” means that the hydrogen is recovered 
either for Storage or for use in a Subsequent chemical 
proceSS Such as combustion, fuel celloperation, chemical 
Synthesis, etc. The term “obtaining does not mean, 
however, that the hydrogen is used Simply as a refrigerant. 

The term “heat eXchanger” means a component, or combi 
nation of components, that is capable of adding and 
removing heat. Preferred examples of heat eXchangers 
include microchannels that can be Switched from hot to 
cold fluids, electrical resistors in combination with a heat 
Sink, and thermoelectric materials. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a Schematic cross-sectional representation of a 
flow channel and heat eXchanger. 

FIG. 2 is a Schematic representation of hydrogen Sorption 
apparatus including valves (darkened circles). 

FIG. 3a is a Schematic croSS-Sectional representation of a 
flow channel and heat eXchanger. The Sorbent is disposed on 
the flow channel walls. 

FIG. 3b is a Schematic croSS-Sectional representation of a 
flow channel containing a porous Sorbent and a flow path for 
convective flow adjacent to the Sorbent. 

FIG. 4a is a Schematic croSS-Sectional representation of a 
flow channel and heat eXchanger. 

FIG. 4b is a Schematic croSS-Sectional representation of a 
flow channel filled with a porous sorbent. The sorbent is 
disposed in the flow channel such that flow is substantially 
through the Sorbent. 

FIG. 4c is a Schematic cross-sectional representation of a 
flow channel filled with a porous sorbent. The sorbent is 
disposed in the flow channel such that flow is substantially 
through the Sorbent. 

FIG. 5 illustrates cross-sectional schematic views of sorp 
tion chamber configurations including (a) a flow distribution 
sheet that distributes flow into a Sorbent-containing com 
partment; (b) a bulk flow channel disposed between porous 
Sorbent layers; (c) dual corrugated Sorbent; (d) corrugated 
Sorbent with gas flow over the Sorbent Surface; (e) corru 
gated Sorbent with gas flow through the Sorbent, (f) wires of 
Sorbent material, (g) fibers, (h) baffles having coatings of 
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porous Sorbent material; (ii) baffles composed of porous 
Sorbent material; and () a porous matrix with bulk flow 
channels. 

FIG. 6 illustrates Schematic views of Sorbent chamber 
configurations including (a) a perspective view of Sorbent 
channels with cross flow of a heat exchange fluid; (b) a 
croSS-Sectional view of a porous Sorbent material that does 
not directly contact the walls of the chamber; (c) top-a 
chamber with a porous plug, and bottom-multiple flow 
channels with a mixing chamber; (d) a u-shaped channel 
filled with porous Sorbent material; (e) porous dividers; and 
(f) mixing streams that are directed to flow between layers 
of porous Sorbent material. 

FIG. 7 is a Schematic cross-sectional representation of a 
flow channel and heat eXchanger. 

FIG. 8 Schematically illustrates a multistage Sorption 
apparatus in which multiple flow channels are utilized in 
each Stage. 

FIGS. 9a–9a schematically illustrate a 3-stage sorption 
proceSS. 

FIGS. 10a and 10b are plots of hydrogen desorption. 

THEORY OF THERMAL, SWING SORPTION IN 
MICROCHEMICAL SYSTEMS 

The use of a microchannel architecture has distinct advan 
tages for Sorption based Separation and purification pro 
cesses. In particular for thermal Swing based Sorption, the 
ability to rapidly heat and cool Systems enables more 
effective use of the Sorbent bed. In addition, the form of an 
engineered Sorbent can reduce mass transfer resistance. 

Mass Transfer Time Comparison 
For unsteady-state mass transfer, the time for a Solute to 

diffuse through a porous matrix is defined in (1). 

(1) 

Where t equals the time required to diffuse a distance X, and 
X is the distance over which diffusion occurs, and D is the 
effective diffusivity for a solute in solution within the porous 
matrix. The effective diffusivity is defined as the molecular 
diffusivity (D) divided by a tortuosity factor for a specific 
porous geometry. For pores that are roughly Straight, the 
tortuosity factor approaches unity. For pores that are non 
Straight and meander through a Solid matrix, the tortuosity 
factor may be on the order of 10. 

The value of the molecular diffusivity varies as a function 
of both the Solute and the Solution at varying temperatures 
and pressures. Typical values of molecular diffusivities (D) 
for gas phase Solutes in a gaseous Solution range from 0.1 to 
0.01 cm/s. Typical values for molecular diffusivities (D) 
for liquid phase Solutes in a liquid phase Solution range from 
10' to 10 cm/s. The tortuosity factor varies greatly as a 
function of the tortuous nature of pores within porous pellets 
or Substrates. For the purposes of comparing microchannel 
Systems with conventional, a common tortuosity value is 
Selected of 3. 

For a cylindrical or spherical pellet, the diffusion distance 
X, is half the pellet diameter (dn). A typical dimension for 
a pellet used in a conventional Sorption System is on the 
order of 1 cm. The typical time required for gas phase 
diffusion of the solutes within the porous pellet is defined by 
(2-3). 
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(2) 
tpeitet 

dile 
4 

0.1 - 0.01 cm2/s 7.5 to 75 seconds for a gas phase solution 
3 

diale (3) 
4 

title = = - - ~ pelle - D - 104 - 10 serie?, 
3 

7500 to 75000 seconds for a liquid phase solution 

Because the time for diffusion varies as a function of the 
Square of the distance, decreasing the diffusion distance 
plays a disproportionate role in reducing the time required 
for diffusion. In conventional Sorption technology, Smaller 
pellets may be used, but at the expense of the overall System 
preSSure drop. Bulk flow travels through the interstices 
between the randomly packed pellets. AS the size of the 
pellet is reduced, the Size of the interstices is also reduced, 
thus giving a greater net preSSure drop for an equal size bed 
length. 
The diffusion path length for a microchemical based 

Sorption System is considerably Smaller than conventional 
technology. The maximum thickness or diffusion distance 
for an engineered Sorbent in a microchannel is about 2 mm. 
Preferably, the thickness of the engineered sorbent (for 
example a Sorbent coated on a metal foam) is less than 1 
mm, more preferably closer to 0.25 mm. The actual thick 
neSS of an engineered Sorbent can be set through an opti 
mization of opposing variables. Thicker engineered Sorbents 
will have more sorbent volume (active sites for sorption) and 
thus a higher capacity. However, thicker engineered Sorbents 
will also have a longer mass transfer and heat transfer time. 
The characteristic time for mass transfer in a microchannel 
based engineered Sorbent is defined in (4-5). 

x 0.025 cm (4) 
Feng-sorbent - D - 0.1 - 001 on 1. 

3 

0.02 to 0.2 seconds for a gas phase solution 

0.025 cm (5) 
ten -site : - . . M. g-sorbent - D - 104 - 105 on , 

3 

20 to 200 seconds for a liquid phase solution 

The mass transfer time for a Sorbate in an engineered 
Sorbent housed within a microchannel is on the order of 100 
to 1000 times shorter than in a conventional sorbent pellet 
for both gaseous and liquid phase Separations. The actual 
values for mass transfer times will vary with the actual 
values of molecular diffusivities, tortuosity factors, and 
actual distance for mass transfer within a pellet or engi 
neered Sorbate. 

Heat Transfer Time Comparison 
The characteristic time for heat transfer may be a function 

of either conduction through the medium that Separates the 
heat transfer fluid and through the Sorbent, or the time may 
be a function of the time required for convection heat 
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transfer to occur between the heat transfer fluid and the 
Separating medium or wall. 

For the case of convection-limited heat transfer, the 
lumped parameter method is appropriate for predicting 
characteristic times for heat transfer. This method is appro 
priate when the Biot (Bi) number is less than 0.1. The Biot 
number is defined by (6). 

ht (6) 

Where h equals the convective heat transfer coefficient, V 
equals the Volume through which heat transfer is occurring, 
A is defined by the Surface area in the plane of and normal 
to heat transfer, and k is the thermal conductivity of the 
material. 

The value of the convective heat transfer coefficient (h) in 
a microchannel, as empirically measured for a gaseous heat 
transfer fluid, typically varies from 200 to 2000 W/m-K. 
The value for a liquid heat transfer fluid in a microchannel 
typically range from 10,000 to 30,000 W/m’-K. Values for 
convective heat transfer coefficients in conventional sized 
heat eXchange Systems are typically at least one order of 
magnitude Smaller for both gaseous and liquid heat transfer 
fluids. 

The value for the thermal conductivity (k) is well defined 
for most metals, and can be measured for the porous 
Sorbents. For the purposes of comparing a microchannel 
based System to a conventional Sorption System, typical 
values are Selected for k. ASSuming aluminum as a material 
of construction, the thermal conductivity of the metal is 
roughly 220 W/m-K. An aluminum foam is selected as a 
typical engineered Sorbent Substrate, and an estimated effec 
tive thermal conductivity is defined as roughly 10 W/m-K. 
Ceramic-based pellets used as Substrates in conventional 
sorbent systems will have a slightly lower effective thermal 
conductivity that is closer to 2 W/m-K. 

The value for V/A in a microchannel-based system is 
easily calculated based on the typical rectilinear geometry 
where V equals HeightxLengthxWidth and A equals 
HeightxLength. The resulting value of V/A is reduced to the 
Width, which is the critical thickness through which heat 
must be transferred to and from the heat eXchanger and 
Sorbent. 

For a cylindrical tube that is typical for housing a con 
ventional fixed bed of sorbent pellets, the value of V/A is 
reduced to the tube diameter divided by 4. The volume is 
defined as JUxdiameter Squared/4xLength. The area A for 
heat transfer is pixtube diameterxLength. 

The resulting Biot number calculations for a gaseous heat 
transfer fluid are shown in equations (7–9). 

Microchannel system (his in units of W/m/K, k is in 
units of W/m/K, V/A is in units of m and both typical web 
and engineered (i.e., porous) Sorbent assumed to have a 
thickness of 0.25 mm) 

(7) V 

Biei, - h() 10000.00025) 00011 i = -- = — = U. 

hi Y (8) (A) 10000.00025 Bing a = -1 = - - = 0.025 
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8 
Conventional System (same units for h, k, and V/A, and 
typical bed diameter is at least 10 cm) 

V 

ht) 100(0.025) (9) 
Biconventional = k 2 1.25 

Thus for the case of a gaseous heat transfer fluid, the 
characteristic time for heat transfer in a microchannel Sys 
tem is dominated by convection resistance and for a con 
ventional Sorption System, the characteristic heat transfer 
time is dominated by conduction resistance. 
When a liquid is used as the heat transfer fluid, the 

convective heat transfer coefficient is raised by roughly an 
order of magnitude. In this regime, the Biot number for heat 
transfer through the engineered Sorbent exceeds 0.1, and 
thus the characteristic time for heat transfer in a 
microchannel-based Sorption device is dominated by con 
duction resistance rather than convection resistance. For 
conventional Systems, the Biot number will only get larger 
and the dominating heat transfer resistance remains conduc 
tion. 

For the lumped parameter analysis, the characteristic time 
for heat transfer is defined by equations (10–13). In these 
equations, T is the actual temperature as a function of time, 
Tss is the steady State temperature, and T0 is the starting 
temperature at time equal to 0, or at the Start of a cycle. 

T - T. 
TO-T 

(10) = exp(-Bi: Fo) 

(11) 

k (12) 

Rearranging for the characteristic heat transfer time, t is 
defined in equation 13. 

(13) 

The value of C. for an aluminum web at ambient conditions 
is roughly 9x10 m/s. The value of C. for an aluminum 
foam is roughly 4x10 m/s. 

Solving for the time required for the temperature within 
the wall to reach 95% of the temperature of the heat transfer 
fluid is shown in equation (14). 

(0.00025 m)°(-|n(0.05)) (14) 
2 

9x10-5"0.0011 
S 

1.9 sec 

Solving for the time required within the engineered Sorbent 
to reach 95% of the temperature of the heat transfer fluid is 
shown in equation (15). 

(0.00025 m)(-ln(0.05)) (15) 
2 

4 x 105 '0.025 
= 0.19 sec 

The total time for the temperature within the engineered 
sorbent to reach 95% of the initial temperature of the heat 
transfer fluid is about 2 sec. 
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If the temperature of the heat transfer fluid is maintained 
at a much higher temperature than the desired Sorption or 
desorption temperature, then the characteristic time for heat 
transfer will be considerably Shorter. As an example, if only 
10% of steady-state is desired, then the characteristic times 
for heat transfer will be reduced by a factor of 28. An 
example calculation is shown in equation (16). 

(0.00025 m)° (-ln(.9) (16) 
2 

9 x 105 0.0011 
= 0.07 sec 

The additional time for heat transfer through the engineered 
Sorbent will be 0.007 sec. The characteristic time for heat 
transfer in the conduction-resistance dominated regime is 
defined by equation (17). 

2 (17) 
focio f C 

The factor is determined from empirical heat transfer 
curves and defined for different geometric shapes. For a 
cylinder of infinite length (e.g., length much longer than 
diameter) and a desired temperature approach of 95% of 
Steady-state, the factor equals 0.6. 

For a packed bed of ceramic Sorption pellets, the value of 
a is approximately 1.3x10 m/s. Solving for the charac 
teristic heat transfer time for a conventional Sorption bed is 
defined by equation (18). 

0.052 m (18) 
3 = 1150 sec 

1.3 x 10-6 ". 
S 

t = 0.6 

If an approach of 95% of steady-state is not required and the 
device is operated to only within 10% of steady-state, then 
the characteristic time is defined by equation (19). 

0.052 m2 (19) 
= 192 sec 

1.3 x 10-6 ". 
S 

t = 0.1 

For the microchannel-based Sorption System that is domi 
nated by conduction resistance not convection resistance 
(e.g., a liquid heat transfer fluid not a gaseous heat transfer 
fluid), then the characteristic time for heat transfer is defined 
by equation (20) when a 95% approach to equilibrium is 
desired. If a leSS restrictive approach to equilibrium is 
required, then the characteristic time for heat transfer will be 
even shorter. 

0.00025 m (20) 
t = 1.3 = 0.002 sec 2 

4x10-5". 
S 

Comparison between microchannel-based Sorption device 
and conventional Sorption hardware. 
The characteristic time for heat transfer in a 

microchannel-based Sorption device is typically 100 to more 
than 1000 times shorter than a conventional packed bed 
Sorption device when either a liquid or a gaseous heat 
transfer fluid is used in the microchannel device. 

The characteristic times for heat and mass transport drive 
the required cycle time for the requisite multi-stage Separa 
tion device, however they are not equivalent to the cycle 
time. 
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10 
Cycle Times 

Cycle times can be estimated for a gas and liquid Sepa 
rations. For the case of a liquid heat transfer fluid, the time 
required for mass transfer time may dominate the cycle time. 
For a gaseous phase Separation the characteristic mass 
transfer time is 0.02 to 0.2 sec. This is equivalent to the time 
for a theoretical plate to equilibrate in a multi-stage equi 
librium Stage Separation model. A cycle may have, for 
example, 5 to 10 or more theoretical Stages. In addition, time 
for the mixture to move through dead Zones of the device 
must be included within the cycle time calculation. 
Therefore, the cycle time for a 5 to 10 stage microchannel 
based Sorption device for a gas-phase Separation may be as 
low as roughly 0.1 to 1 second. The actual value will depend 
upon a multitude of variables, including the efficiency of the 
design to reduce dead volume. 

For a liquid-phase Separation, the required time for mass 
transfer will always dominate the cycle time in a micro 
channel device. The characteristic mass transfer time is 
roughly 20 to 200 seconds in a microchannel device. It is 
anticipated that the minimum 5 to 10 Stage cycle time will 
be about 100 to 1000 seconds. 

Shorter cycle times to achieve the same degree of Sepa 
ration in a microchannel-based Sorption device will lead to 
much smaller bed volumes and thus likely much lower 
hardware cost. Additional columns and purge Streams for 
heating and cooling are not required in microchannel 
devices. Conventional TSA processes often mitigate the 
long characteristic times for conductive heat transfer 
through the bed Volume by introducing a separate purge 
Stream for the purpose of heating or cooling a bed through 
convective heat transfer prior to a Sorption or desorption 
cycle. This addition of extra streams will thus introduce 
sorbent bed inefficiencies and added cost by not fully 
utilizing the sorbent bed at all times for either sorption or 
desorption. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT(S) 

FIG. 1 illustrates one example of a flow channel 2 
including open channel 4 and absorbent 6. The direction of 
net gas flow through the channel is indicated by the arrow. 
Flowing gas contacts the sorbent 6 at internal Surface 8. For 
at least part of the flow channel, the distance from any point 
in the open channel (as measured in a plane perpendicular to 
flow) to the internal surface is 10 mm or less, preferably 0.1 
mm or less. Utilizing a thermal Swing Sorption device in 
which flowing hydrogen is in close proximity to the Sorbent 
minimizes the distance and time for mass transport. 

In preferred embodiments, the flow channel has: a height 
h of less than 1 cm, more preferably less than 2 mm, and in 
Some embodiments 0.5 to 2 mm. The width and length may 
be of any value. However, these parameters have design 
considerations that lead to optimal designs. Longer lengths 
will create more active sites for Sorption during any given 
cycle, but at the expense of a higher pressure drop and longer 
residence time. Increasing the width of the Sorbent Zone will 
also create more active sites for Sorption. However, increas 
ing width might lead to flow maldistribution issues if the 
width is too large, although this effect can be mitigated using 
flow dispersing elements. The length and width can be 
optimized in View of the fluid properties and the accessible 
header Size relative to the channel size. In Some preferred 
embodiments, width (perpendicular to height and flow) is 
0.01 cm to 300 cm, more preferably 2 cm to 25 cm; and 
length is 0.01 cm to 300 cm, more preferably 2 cm to 25 cm. 
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The flow channels can be disposed in a chamber that is 
adjacent an array of heat eXchanger microchannels. In an 
alternative arrangement (not shown), the flow channels can 
be disposed in an interleaved fashion between (i.e., alter 
nating with coplanar) adjacent channels of heat exchanger 
channels. In some embodiments, at least 3 layers with flow 
channels alternate with at least 4 layers with heat eXchangers 
10. The flow channel can be any shape but is preferably 
Straight with an unobstructed open channel. 

The internal surface 8 is preferably a Pd alloy or metallic 
Pd. It has been found that Pd can sorb and desorb hydrogen 
at Surprisingly fast rates, leading to reduced cycle times. Pd 
is also a good thermal conductor. Unlike in catalysts, the 
Surface palladium is not dispersed on an oxide Surface, and 
is preferably a continuous layer. At low temperature, hydro 
gen is rapidly sorbed through surface 8 into sorbent 6. In 
Some preferred embodiments, the Sorbent 6 is the same 
material as the Surface 8. In other embodiments, the Sorbent 
6 includes another material that reversibly Sorbs hydrogen. 
For example, the hydrogen Sorbent can contain any of the 
metal hydride forming elements (see, Greenwood et al., 
Chemistry of the Elements (1984)). Preferred sorbent mate 
rials include Pd, Pd alloy, Ti, V, LaNis, Al doped nickel 
lanthanides, and Ni. Because of the excellent selectivity of 
Pdor Pd alloys for hydrogen on the surface 8, the underlying 
Sorbent 6 need not be Selective for hydrogen. For example, 
a hydride forming Sorbent Sublayer having a thickness of 10 
nm to 1 mm may be coated with a thin Pd surface-exposed 
sublayer having a thickness of less than 0.025 mm, more 
preferably about 0.0001 to 0.02 mm. Preferably at least 
80%, more preferably at least 90%, of the exposed surface 
(i.e., the Surface exposed to the hydrogen-containing gas in 
the flow channel) of the sorbent is coated with Pd or a Pd 
alloy. For Some applications, in which excellent Selectivity 
is not required, the sorbent need not have a Pd surface. The 
thickness of the sorbent layer may be selected based on the 
Volume of Sorbent required to Sorb a given quantity of 
hydrogen. 

In preferred embodiments, the hydrogen Sorbent is a thin 
layer. Conventional hydrogen Sorbents crumble as a result of 
cycling, thus degrading thermal transport characteristics and 
degrading device Stability. In the present invention, the 
Sorbent layer can be kept thin So that the expansion and 
contraction of the Sorbent/hydride layer does not result in 
crumbling. Instead, while cracks may form, due to its 
thinness, the Sorbent layer maintains excellent adhesion to 
the underlying channel or heat eXchanger wall. Since the 
height of flow channels can be made quite Small, and the 
device cycled at high rates, multiple flow channels contain 
ing thin Sorbent layers can be used in concert to Separate 
Significant quantities of hydrogen. In preferred 
embodiments, the sorbent 6 including surface 8 has a 
thickness of 0.0001 to 1 mm, more preferably, 0.004 to 0.1 
mm. In Some preferred embodiments, the Sorbent is a dense 
(nonporous) thin layer, thus maximizing adhesion to the heat 
eXchanger Surface and Sorbtion capacity as a function of 
Volume. 

For maximum use of Space, in preferred embodiments, at 
least 80% of the internal Surface of the flow channel is 
coated with Pd or a Pd alloy. After cycling, some amount of 
residual hydrogen may remain in the Sorbent, but is not a 
yield loss. Other preferred sorbents include palladium alloys 
Such as a palladium Silver alloy. The palladium alloys can 
enhance durability of the device due to their greater resis 
tance to crumbling over multiple cycles. Preferably, the 
Sorbent material undergoes a phase transition to form a 
hydride during Sorption to enhance the Sorption capacity and 
Selectivity. 

15 

25 

35 

40 

45 

50 

55 

60 

65 

12 
The Sorbent may contain a promoter or an intermetallic 

that improves hydrogen dissociation kinetics thus decreas 
ing Sorption time, and reducing overall cycle time. For 
example, Ru particles on the Surface of Pd may increase the 
rate of hydrogen Sorption and desorption. In general, the 
addition of a secondary (or tertiary) material (often times in 
very Small quantities) to a primary material can influence the 
net rate of hydrogen (or other gaseous species) adsorption 
onto the Surface of the primary material in a heterogeneous 
System. By affecting the kinetics of the adsorption process 
and the Surface composition, the added material can also 
increase the ultimate adsorptive capacity (or apparent 
capacity) of the primary material Surface. The first effect, 
increasing the rate of hydrogen adsorption (purely a kinetic 
phenomena), is a two-fold result of the chemical nature of 
the added material (which results in faster dissociative 
hydrogen adsorption) and how this chemical nature interacts 
with the primary material to result in physically-segregated 
Surface Structure, which, in turn, can affect the ultimate 
adsorptive capacity (or apparent capacity). 
Ru at defect-like Sites adsorb (and Subsequently 

dissociate) hydrogen at a faster rate than Ru atoms lying 
away from edges or comers, in “basal planes'. Thus, the 
observed (or "apparent) kinetics of hydrogen adsorption on 
Ru (and many other materials) really represents the Super 
position of the different kinetics of different Ru sites. This 
phenomenon can be applied to have the opposite effect: 
adding an element like Ru to a System that does not adsorb 
hydrogen as easily/quickly results in faster apparent adsorp 
tion kinetics. 
The explanation of Second effect (the apparent alteration 

of the ultimate adsorptive capacity of a material) is a bit 
more complicated, but it is basically an extension of the 
Same concept. Since altering kinetics cannot change the 
equilibrium of a System, it seems like this concept violates 
thermodynamics. In reality, though, the observed effect is 
really due to deconvolution of Superimposed effects: differ 
ent phases of a material have different adsorption Stoichi 
ometries (i.e. one packing arrangement (call this arrange 
ment 111) of Surface metal atoms (M) may adsorb a gas (A) 
in a ratio of M(111):A=1:1, while another arrangement (call 
it 110) (which is present in the same material in a certain 
proportion) adsorbs more, M(110):A=1:2. Adding a second 
material (N), which selectively occupies (111) sites and also 
adsorbs more A, N(111):A=1:2, results in more net adsorp 
tion of the gas, A. If N also adsorbs A faster than M, then the 
first effect and the Second effect compliment each other. 
The Sorbent can be disposed as dense or porous layers on 

the flow channel walls. The sorbent can be directly coated on 
the flow channel walls. The sorbent could also be disposed 
on a porous Substrate, preferably a thermally-conductive felt 
or thermally-conductive continuously porous foam. A 
porous Sorbent, preferably in the form of a monolith, could 
be inserted into a flow channel. A relatively thin interfacial 
layer Such as a ceramic could be interposed between the 
porous Substrate and Sorbent to improve adhesion and/or 
increase Sorbent Surface area. Alternatively, the porous Sub 
strate could be entirely formed from the sorbent material. In 
Some embodiments, a porous Sorbent fills or Substantially 
fills the flow channel such that Substantially all the gas flows 
through the porous Sorbent (typically a Sorbent-coated 
porous Substrate). 
A heat exchanger 10 is in thermal contact with the flow 

channel. Preferably, the heat eXchanger is a microchannel 
heat eXchanger meaning that the channel or channels have a 
height (the dimension described above) and/or a width d of 
less that about 2 mm. Flow of the heat exchange fluid in the 
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heat exchanger can be cross- (illustrated), counter- or 
co-flow in relation to gas flow through the flow channel. 
Preferably, the heat exchanger is directly adjacent to the flow 
channel and more preferably the heat eXchanger Substan 
tially overlaps the flow channel. In a particularly preferred 
embodiment, the heat eXchanger and flow channel are adja 
cent and Substantially coextensive thin layers with width and 
length Substantially larger than height. Preferably the same 
wall 12 comprises the wall of both the heat exchanger and 
flow channel and in this embodiment, the wall is included in 
calculating height of the heat eXchanger but not the flow 
channel. The heat eXchanger contacts the flow channel 
through a thermally conductive material, Such as Steel, 
aluminum or plastic. The heat eXchanger can utilize any 
Suitable heat eXchange fluid, with water and heat transfer 
liquids (such as TherminolTM) being especially preferred, 
gases and vapors less So. In a particularly preferred 
embodiment, conditions for Sorbtion and/or desorption are 
Selected to coincide with a phase change of a heat transport 
fluid-for example, very high rates of heat transfer can be 
obtained by condensing and/or vaporizing Stream. 

In general, it is highly desirable to form a System with 
minimal thermal mass. Preferably, thermal Swing Sorption is 
conducted at low pressure (preferably about 1 to 1000 psig 
more preferably 1-300 psig) so that relatively thin walls can 
be used to contain the System. Low pressure operation can 
be further aided by operating Sorption and desorption in 
Stages with a relatively narrow temperature range that is 
optimized for a particular preSSure range. In preferred 
embodiments, leSS Structural Support is provided in regions 
that will operate at relatively lower pressure. 

FIG. 2 schematically illustrates an embodiment of the 
invention in which a feed Stream is distributed among 
multiple flow channels each of which is sandwiched 
between heat exchangers. Valves (indicated by darkened 
circles) control gas flow as well as heat exchange fluids. 

FIG. 3a illustrates the case where a sorbent (cross 
hatched) is disposed on the sides of an open channel. 
Hydrogen in the feed Stream diffuses from the open channel 
into the walls where it is sorbed and thus separated from the 
feed stream. As indicated by the dots in FIG.3a, the capacity 
of the device could be readily increased by Stacking repeat 
ing layers of flow channels and heat eXchangers. 

FIG. 3b illustrates a separation process through apparatus 
Such as that represented in FIG.3a. Agas mixture containing 
weakly Sorbed molecules (o) and strongly Sorbed molecules 
(O) enters the flow channel. The shaded molecules indicate 
preferentially sorbed molecules with the lighter shaded 
circles representing molecules actually Sorbed into or onto 
the Sorbent. The pores are Sufficiently large to enable fast 
molecular diffusion within the tortuous 3-D structure. Sol 
utes then may diffuse either molecularly or through Knudsen 
diffusion within smaller pores found within the active sor 
bent coated on the engineered Sorbent Substrate. The size of 
the Smaller pores is less than the size of the large pores. 
Preferably, the pores are in the micro to mesoporous range 
to enable a high Surface area with many sites for rapid 
Sorption. Sorption occurs at low temperature, and tempera 
ture is Switched to high temperature before the preferentially 
sorbed molecules elute from the channel. The purified 
Stream (o) is one of at least two product streams from this 
process. The proceSS could be designed and operated for a 
multi-component Separation, where a ternary or higher mix 
ture is separated into components rather than just a binary 
Separation. However, Separating or purifying multiple 
Streams will require additional Stages. Preferably, the micro 
channel dimension is about 2 mm or leSS. The height and 
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14 
length may be of any value. The thickness for an engineered 
(i.e., porous) sorbent is preferably between 100 microns and 
500 microns. More preferably, the thickness of the engi 
neered Sorbent is between 100 and 250 microns. Convective 
flow is essentially through a gap that is adjacent to the 
engineered Sorbent. The SoluteS primarily diffuse through 
the gap to the engineered Sorbent and then continue to 
diffuse through the engineered sorbent. The direction of 
diffusion through the engineered Sorbent is primarily normal 
to the direction of convective flow. 

FIG. 4a illustrates a configuration in which a porous 
sorbent (cross-hatched) fills the flow channel. Since the 
Sorbent is porous, flow occurs through the Sorbent; however, 
the pressure drop through the flow channel is generally 
higher than in the case of an open channel. 

FIG. 4b illustrates an alternate embodiment for a porous 
Sorbent within a microchannel-based Sorption device. In this 
embodiment, flow is primarily directly through the sorbent. 
Diffusion distances for mass transfer within this embodi 
ment may be shorter than in the flow-by configuration 
shown in FIGS. 1-3. The mass transfer distance is essen 
tially limited by the size of the large pores where convective 
flow occurs and the coating thickness of the active Sorbent 
agent placed upon the Surface of the engineered Sorbent 
Substrate. The size of these pores typically range from 10 to 
500 microns. However, the reduction in mass transfer resis 
tance will be offset by an increase in pressure drop. AS flow 
is force through the tortuous network of open pores, the 
increase frictional losses will increase pressure drop. For 
applications that are not Sensitive to maintaining a low 
preSSure drop, this approach may be preferred. 
The “porous materials” described herein refer to porous 

materials (including porous Sorbents) having a pore volume 
of 5 to 98%, more preferably 30 to 95% of the total porous 
material's volume. At least 20% (more preferably at least 
50%) of the material's pore volume is composed of pores in 
the size (diameter) range of 0.1 to 300 microns, more 
preferably 0.3 to 200 microns, and still more preferably 1 to 
100 microns. Pore volume and pore size distribution are 
measured by Mercury porisimetry (assuming cylindrical 
geometry of the pores) and nitrogen adsorption. AS is 
known, mercury porisimetry and nitrogen adsorption are 
complementary techniques with mercury porisimetry being 
more accurate for measuring large pore sizes (larger than 30 
nm) and nitrogen adsorption more accurate for Small pores 
(less than 50 nm). Pore sizes in the range of about 0.1 to 300 
microns enable molecules to diffuse molecularly through the 
materials under most gas phase Sorption conditions. 

FIG. 5a illustrates apparatus 860 where a flow distribution 
layer 862 (typically a sheet having random, regular, or 
spaced pores, slots, holes, or the like) can distribute feed 864 
along a length of the chamber 866 in a flow path 870. The 
chamber 866 preferably contains a sorbent material 868 
(although illustrated as a single layer along the length of the 
chamber-thus enabling low preSSure drop, it should be 
recognized that a sorbent material 868 could have any of the 
configurations described herein). 

FIG. 5b illustrates an embodiment in which a bulk flow 
path 820 is disposed between porous sorbent material 822, 
although Some flow may convectively travel through the 
large pores in the porous material. Flow through the large 
pores increases when the pore diameter of the porous insert 
increases and approaches an order of magnitude below the 
hydraulic diameter of the open area. This chamber could be 
configured as a tube, with a ring or partial ring of Sorbent, 
but is more preferably a planar arrangement. The planar 
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arrangement enables economical Stacking of chambers with 
other components Such as: additional chambers, heat 
eXchangers, etc. The contiguous, Straight-through configu 
ration of the bulk flow channel creates the opportunity to 
perform gas phase Separations with low pressure drops. 

FIGS. 5c and 5d illustrate sorption chamber configura 
tions in which corrugated inserts 826 provide high Surface 
area for sorption while contiguous flow paths 828, 832 
enable Sorption to be performed with low preSSure drops. 
The inserts 826 either have a Surface coating of a porous 
Sorbent material or, preferably, are comprised of a porous 
Sorbent material. A similar configuration is illustrated in 
FIG. 9. 

FIG. 5e illustrates an embodiment in which a corrugated 
porous sorbent material 826 is disposed in the sorption 
chamber Such that gas flow is partially through, and around 
the Sorbent. This configuration ensures contact with the 
porous Sorbent; however, this configuration has the disad 
Vantage of Significantly higher pressure drops than with an 
open channel, but the advantage of more intimate contact of 
the gas with the Sorbent Surface. 

FIGS. 5f and 5g utilize sorbent fibers 836, 838. These 
fibers may, for example, be porous ceramic, metal or com 
posite fibers. The parallel fibers 836 are preferred because 
they cause less of a pressure drop. The fibers 838 create 
tortuous flow through the chamber. In either case, Sorbent 
fibers are preferred over powders because they cause leSS 
preSSure drop, can have better thermal conductivity, and can 
provide a more uniform and controlled Surface. The chamber 
walls 840, 842 can be ceramic, plastic, metal (for good 
thermal conductivity), or composites. 

FIGS. 5h and 5i illustrate chambers with baffles 846,848. 
Baffles 846 comprise plates or rods composed of a porous 
Sorbent material or that are coated with a Sorbent material. 
Baffles 848 comprise plates or rods composed of a porous 
sorbent material. Flow can either be parallel 849 or nonpar 
allel 847 or differing solutes can flow in differing directions 
(e.g. orthogonal Solute flows). In either case, there is a 
contiguous bulk flow through the chamber. These baffles can 
create turbulence and enhance contact of gaseous Solutes 
with the sorbent. The baffles, which preferably comprise a 
thermally conductive metal, provide good heat transport to 
(or from) the walls. The chamber walls 85.4 may be of the 
same materials described above for walls 842. 

FIG. 5i illustrates a porous sorbent matrix material 850 
within which there are contiguous bulk flow channels 852. 
The matrix 850 can be the chamber walls or the entire article 
855 can be an insert that fits into an opening. Preferably the 
matrix material contains 1 to 10,000 more preferably 10 to 
1000 bulk flow channels 852. In a preferred embodiment, 
the bulk flow channels 852 are essentially straight. In 
another embodiment, these channels are tortuous. In yet 
another embodiment, the channels 852 are filled with a 
Sorbent material and bulk flow of Solutes and Solution is 
primarily through the matrix. 

FIG. 6a illustrates a sorption apparatus 902 with tubes/ 
chambers 904, each of which may contain a porous sorbent 
material (not shown) in any of the configurations described 
herein. The gas mixture flows through the tubes. On the 
outside of these tubes is a bulk flow volume 906. In a 
preferred embodiment, a heat eXchange fluid flows through 
the bulk flow volume; flow of the heat exchange fluid can be 
cross-flow, concurrent flow or counterflow to the flow of 
gaseous Solutes and products. 

FIG. 6b illustrates a configuration in which a porous 
sorbent material 908 is disposed within the chamber without 
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direct contact to the chamber walls 910. This embodiment 
may require longer cycle times to overcome the higher heat 
transfer resistance. In another embodiment (not shown), the 
material 908 comprises a core of a large pore structure (in 
which molecular diffusion occurs) and a small pore structure 
(through which Knudsen diffusion occurs) on the outer 
Sides. Sorbent may be coated on the Small pore Structure, or 
on the large pore Structure, or on both. 
The top of FIG. 6c illustrates a chamber 911 having a bulk 

flow path 912 and porous sorbent material 914, 916. The 
porous plug 916 Serves to provide Sorbent contact to any 
gaseous Species that remain unsorbed after passage through 
bulk flow path 912. The flow regime in this example, and in 
other figures, is typically laminar based upon the classical 
definition of the Reynolds number less than 2000. Although 
the flow regime may also be transitional or turbulent in the 
microchannels, this is less common. For laminar flow, there 
will be gas Species that move along the centerline of the 
channel. Not all molecules may have an opportunity to 
diffuse to the porous sorbent. For those molecules that do not 
diffuse to the wall to Sorb, this is referred to as slip. The 
overall Sorption may thus be a few percentage points lower 
than equilibrium would Suggest attainable. The use of the 
porous Sorbent material through the entire croSS Section for 
a fraction of the channel length Serves to reduce Slip and 
enable overall higher Sorption capacity. 
The bottom of FIG. 6c illustrates a sorption apparatus 920 

comprised of multi Sorption chambers 922 and a mixing 
chamber 924. The mixing chamber combines gases from at 
least two chambers 922. The mixing chamber helps to 
equalize concentration between multiple chambers by mix 
ing the possibly laminar flow Streamlines and helps to ensure 
a higher overall adsorption than if the at least two chambers 
were joined into one chamber by reducing the centerline Slip 
of gases. 

FIG. 6d illustrates a sorption device in which the bulk 
flow from at least two sorption chambers 930, 932 flow into 
porous material 934. In an alternative mode of operation, 
flow enters through flow path 930, through porous material 
934 and out through flow path 932. This embodiment also 
Serves to reduce the possible slip of gases and bring the 
overall Sorption closer to that predicted at equilibrium. 

FIG. 6e illustrates a forked configuration in which a gas 
mixture enters a first compartment 936, having a dimension 
of about 2 mm or less, and convectively travels past porous 
Sorption material 938 and then travels convectively through 
porous material 940. While traveling in compartment 936, 
the feed may diffuse to the porous Sorbent. The gas exiting 
the porous material 940 flows into second compartments 
942. The compartments 936 and 942 may or may not be 
offset. By offsetting porous dividers 938, the gas flows in 
adjacent first compartments are further mixed to reduce the 
Slip of components. 

FIG. 6f illustrates a flow configuration where the feed 
flows along one Side of a porous Sorbent in the first flow 
path, makes at least one bend, and then travels back along 
the other side of the porous sorbent in the opposite flow 
direction to form at least one Second flow path. In an 
alternate configuration, a Second Sorbent may be used for the 
Second flow path. In another configuration, a wall may 
Separate the porous Sorbents used in the first and Second 
flowpath. 

Another preferred embodiment is illustrated in FIG. 7. In 
this embodiment, a hydrogen-containing feed Stream 702 
passes into open channel 704. During the cool phase of a 
cycle, hydrogen is selectively sorbed in sorbent 706. To 
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deSorb, the feed Stream is discontinued and heat is added 
from electrically resistive heating element 708. Electrical 
heating in restricted Volume devices can rapidly increase 
temperature (100° C. per second or more, see, e.g. U.S. Pat. 
Nos. 6,174,049 and 4,849,774 incorporated herein by 
reference), thus enabling very short desorption phases. Heat 
from the electrical resistor 708 is then removed through 
microchannel cooler 710. In this configuration, the heat 
eXchanger is formed by a combination of electrical resis 
tance heating with a coolant fluid 712 (shown in optional 
counter-current flow). In an alternative embodiment, the 
sorbent is in the form of a thin film on an electrically 
insulating material that is in thermal contact with a heat Sink 
(the structure could include, for example, a relatively mas 
Sive block of a heat conductive material). For desorption, the 
heating is So fast that a negligible portion of the heat is 
conducted through the insulating material and into the heat 
Sink. Upon termination of the electrical current, the Sorbent 
rapidly cools to the temperature of the heat Sink, and a 
Sorption cycle can begin. 

The sorption heat of hydrogen on Pd is about 37,000 
J/mole, or 1247J for 800 cc. One cc of Pd, 11.98 grams, can 
adsorb 800 cc (289 K) of hydrogen. The heat capacity of the 
Pd is 0.243 J/gm K. Assuming a temperature change of 20 
K, the heat adsorbed by the Pd will be 58 J/cc. The total heat 
required becomes 1306 J to desorb 800 cc of hydrogen. The 
electrical resistivity of Pd is 13.8-Ohm cm (371 K). If the Pd 
film is 3 um thick and 1 cm wide, for 1 cc of Pd the strip 
would be 3333 cm long. If n cm long, the cross section will 
be 0.0003*n cm and the length 3333/n cm. The resistance 
of the film is then 1.53*10/n. The energy required to heat 
the Pd and desorb the hydrogen is 1306 Watt seconds per 
800 cc, or 1632 Watt seconds per liter. If n is 1000, the 
current needed to do the heating in 0.3 Seconds is 5.3 amp 
and the potential 816 volts. If n is 2000, the current needed 
to do the heating in 0.01 seconds is 58.4 amps and the 
potential 224 volts. 

In a preferred embodiment, fast and efficient heat 
eXchange is achieved by Sandwiching a flow channel layer 
between heat eXchanger layers. More preferably, the hydro 
gen Separation apparatus is made up of multiple alternating 
layers of heat eXchangers and flow channels. The heat 
eXchangers and flow channels can be manifolded into larger 
Systems. One Such System is illustrated Schematically in 
FIG.8. In operation of the schematically illustrated device, 
a gas containing hydrogen and at least one other gaseous 
component passes into a first header and is distributed into 
multiple flow channels with intervening heat eXchangers 
(not shown). Hydrogen is selectively Sorbed into or through 
the Pd Surfaces in the flow channels. Hydrogen-depleted gas 
is collected in a header and passed into a second unit (stage 
II) where more hydrogen is Sorbed, and still more residual 
hydrogen can be removed in the flow channels in Stage III. 
Finally, the hydrogen-depleted gas is released or collected 
through outlet 82. In some embodiments, an inlet valve is 
closed, and temperature is increased. At the higher 
temperature, hydrogen is desorbed and collected. If desired, 
a Sweep gas could be used. 
The sorbent capacity could be further increased by heat 

ing down the length of a flow channel to drive off Sorbed gas 
while introducing feed to the beginning of a flow channel. In 
this technique heating is timed Such that the desorbed 
Species exits before the non-Sorbed feed Stream reaches the 
flow channel exit. 

The system could be made more efficient by combusting 
nonsorbed hydrogen that exits with the feed Stream in 
another area (or stage) of the apparatus where desorption is 
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occurring. Suitable conduits and Valving can be used to 
direct the nonsorbed hydrogen Stream to a combustor layer 
that is in thermal contact with a Sorbent layer. 
Numerous additional steps could be added to the inven 

tive methods. For example, the feed gas could be pretreated 
to remove constituents from the feed mixture that could 
poison the Sorbent Surface. One option is using a molecular 
Sieve Sorbent Such as a Zeolite in a pretreatment Zone or bed. 
Hydrogen desorption can be made faster by using a heated 
SWeep gas. 

The flow channel(s) and heat exchanger(s) can be a 
Stand-alone unit or can be connected to the outlet of a 
hydrogen-emitting device Such as a Steam reformer, water 
gas shift reactor, etc. and the hydrogen Separated can then be 
passed into a fuel cell-thus forming a power System. 
Systems incorporating the hydrogen Sorption apparatus 
described herein can include: from large (up to 100+ multi 
million standard cubic foot per day MMSCFD) hydrogen 
plants to modular hydrogen generating units (~1. 
MMSCFD), fuel processors for distributed electricity 
generators, fuel processors for automotive fuel cells, and 
very Small fuel processors for fuel cells that displace bat 
teries in portable devices 
The hydrogen Separation apparatus may be formed by 

bonding thin metal or Pd composite plates to the heat 
eXchanger Surface, or by using Pd as the material for the 
walls of the heat eXchanger. These plates can be quite 
thin-for example, one um or less. A channeled plate for a 
heat eXchanger could be made by techniques Such as elec 
trodischarge machining (EDM), vapor depositing metal or 
alloys, and electrolessly plating Pd metal, phosphide, and 
alloys. Flow channels could be manufactured by bonding 
three plates in which the center plate has a channel cut 
through it, and the top and bottom plates have a vapor-coated 
Pd internal Surface. Flow channels may alternatively be 
electrolessly plated-a technique that provides uniform 
deposition throughout the Structure. The plates, including 
the heat eXchanger plates can be Stacked and diffusion 
bonded, or Sealed with the Pd-containing plate while depos 
iting the Pd material as sorbent. 
The devices can be constructed from non-metallic 

materials, Such as plastics. For temperatures below about 
400 C., there are a variety of plastics that can withstand the 
operating temperatures for most Sorption Systems. Most 
Sorption Systems operate at relatively low temperatures 
because the capacity of a Sorbent for most Solutes is 
inversely proportional to temperature with highest capacity 
achieved at low temperatures. A preferred plastic material is 
polyimide that can be heated electrically; thus, electric 
heaters could be used in place of or in addition to the heat 
eXchange fluids. Also, the Sorbent or the Substrate material 
containing the Sorbent could be electrically heated, and thus 
avoid heating the bulk materials that are used to construct 
the apparatus. 
The use of thin sorbent layers is a benefit to the manu 

facture of in the inventive devices because Surface finishing 
processes which produce highly reliable thin coatings can be 
used rather than only expensive milling techniques. Such 
Surface finishing methods are electroless plating, electrolytic 
plating, Sputter coating, chemical Vapor deposition, 
electropolishing, electroforming, etc. These techniques also 
readily allow deposition of pure metals, alloys, and/or 
multi-layers of these. They can be operated in batch or 
highly economical continuous mode even in roll-to-roll 
processes, which can generate many thousands of Square 
feet/day. These coated flat sheets are then cut and layered 



US 6,503.298 B1 
19 

with flow dispersant and heat transfer fluid carrying layers to 
finish fabrication of the device. Final Sealing can be done 
using adhesives, welding, diffusion bonding, brazing, etc., 
whichever is the most practical for the materials and dimen 
Sions involved. 

The input hydrogen-containing gas may contain numer 
ous other gases Such as: CO, CO, H2O, C-C alkanes 
especially CH, CH, CH, CH, naptha and other light 
petroleum-based feed components, N, O, Ar, ammonia, 
and lower alcohols, especially methanol, ethanol and 
propanol, and Sulfurous gases and vaporS Such as SO, SOs, 
HS, CS, and COS. 
The contaminated hydrogen gas feed will also have a T 

and P characteristic of the Source of the hydrogen, and also 
a desirable T and P for the purified product hydrogen. It is 
an advantage of the invention that preconditioning the gas to 
a Specific T and/or P is not necessary Since the Sorbent 
composition can be Selected to accommodate various feed 
and target P-T profiles. For a particular sorbent and P-T 
range, the hydrogen-containing gas may flow into the flow 
channel at a preferred partial pressure (absolute) range of 
1x10 mbar to 20 bar; more preferably 1x10 to 3 bar. The 
preSSure should be kept low enough So that the apparatus 
doesn’t burst. In Some embodiments, the flow channel 
contains internal baffling to minimize laminar flow, or is 
sufficiently narrow so that the gas collides with the sorbent 
frequently enough to allow Sorption of at least a Substantial 
portion of the H content. Flow rates through the apparatus 
will depend upon the device size and other factorS Such as 
the desired efficiency and back pressure. In preferred modes 
of operation, no pumping (either for evacuation or 
compression) is utilized, although changes in pressure will 
typically occur as a result of thermal cycling. 

The Separation proceSS is preferably run in multiple stages 
where at least one latter Stage is run at a lower Sorption 
temperature than an earlier Stage. More preferably, the 
proceSS includes at least 3 Successive Sorption Stages, each 
of which is conducted at a Successively lower temperature 
range. AS the partial pressure of hydrogen decreases, a lower 
temperature is used to more effectively Sorb the hydrogen. 
This technique provides greater overall hydrogen Separation 
while operating at narrower average temperature Swings 
than if the temperature range was the same in all Stages. 

In an apparatus, a Stage is a device or portion of a device, 
Such as a parallel array of microchannels, that acts to either 
Sorb or desorb hydrogen. A Single device can have multi 
Staging. In a process, a stage is a Sorption or desorption 
operation in which Separation occurs, preferably one in 
which equilibrium is Substantially reached (at least about 
85%). 
Description of 3-stage Sorption Device 
The premise of a 3-stage Sorption device is similar to a 

2-Stage Sorption device in that the temperature is lowest 
during the Sorption cycle and highest during the desorption 
cycle. The feed is cycled from left to right (shown in FIGS. 
9a–9a), or alternatively from right to left (not shown), in a 
continuous or Semi-continuous fashion. 

The primary difference between a 2-stage and a 3-stage 
Sorption device is the addition of an additional Stage 
between the desorption and Sorption Stage. Typically, there 
will also be an increase in recovered yield, product purity, 
and/or energy utilization. The additional channel may serve 
one or multiple purposes, including providing additional 
time for desorption if the Sorbent has a high degree of 
Surface heterogeneity including sites that Strongly hold a 
Solute or change temperature more slowly. The addition of 
a third Stage may also be used to pre-cool the Sorption 

15 

25 

35 

40 

45 

50 

55 

60 

65 

20 
channel prior to a feed switch. This will in effect increase the 
capacity of a particular Stage because the temperature is 
equal to T, during all time of the Sorption cycle. 
The upper and lower temperature can be controlled by 

heated or cooled heat transfer fluid, water, or gas, including 
combustion gas or Steam. Heating, which can be controlled 
by electrical (joule heat) as well, preferably ranges from -50 
to 1000 C.; more preferably 8 to 160° C. In most instances, 
temperature of the flow channel is controlled by the tem 
perature of the heat eXchange fluid flowing through the heat 
eXchanger. Temperature can be continually changing, 
however, temperature is preferably jumped from high to low, 
or from low to high points with minimal transition time, 
generally faster than once per 10 Sec, preferably 1-10 times 
per second, and most preferably 100-1000 times per second. 
The construction of the inventive device, with its good 
thermal conductivity, low heat capacity, and Short thermal 
transport distances, enables rapid temperature changes in the 
flow channel. This ability for rapid temperature change is 
further enhanced where the Pd or Pd-alloy, hydrogen 
Sorbing Surface is disposed on the walls of the flow channel. 
Temperature change of the Pd Surface (for example, as 
measured by a thermocouple) is carried out at a rate of at 
least 20° C./sec, with a preferred range of 200 to 2000 
C./Sec. 
The inventive proceSS is preferably carried out over a 

Sorption/desorption cycle time of 0.1 to 1000 Hz; more 
preferably 100 to 1000 Hz. More particularly, the sorption 
(low T) portion of each cycle preferably occurs for 0.1 to 10 
s, more preferably 0.001 to 2 s; while the desorption portion 
of each cycle preferably occurs for 0.1 to 1 S, more prefer 
ably 0.001 to 0.01 s. 

Purity of the hydrogen obtained may be improved in 
Several ways. The total void volume is preferably minimized 
in the design of the TSS sorption/desorption device. Hence, 
fluid passageways are preferably Short and Small. This 
feature also helps decrease the time for Sorption Since gas 
diffusion and transport distances are short. For the Pd 
example, over 800 volume of H gas at STP is sorbable per 
volume of Pd. Hence, if the sorbent volume is 10u thick and 
the gas compartment is 100u thick, then approximately Mo" 
of the original feed gas with contaminants Still resides within 
the gas compartment. Note that it is necessary to flow 
hundreds of volumes of feed gas to the sorbent in order to 
fully load it due to the high Habsorption coefficient for Pd. 
Hence, in this preferred case, even with the residual gas 
contaminants still present in the channel after loading, about 
90% of the contaminants are removed even if this residual 
feed gas is allowed to remain in the feed gas compartment 
during the desorption cycle. 
A Second means of handling the contaminants in the 

residual feed gas are to flush the gas Space with a Small 
amount of the purified H recycled back from the purified 
product Stream, perhaps 0.1-10% of the product gas being 
recycled. The more back flush the purer the hydrogen gas 
product. In multi-staging TSS devices, the intermediate 
partially purified Streams also could be used for the above 
flush gas to improve product gas purity and energy conser 
Vation. 
A third means to minimize the croSS contamination 

between feed gas and purified product gas is to at least 
partially evacuate the gas compartment for a very short (<2 
S, preferably less than 0.1 s) period prior to desorbing. The 
Vacuum exposure time is kept very Short to minimize losses 
of H due to premature H desorption due to the low partial 
preSSure of H2 during evacuation. Also, complete evacuation 
is not required, the levels of evacuation being proportional 
to reach a desired residual impurity level. 
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The methods and apparatus of the invention can be 
characterized by one or more of the following properties. 
Preferably, in a Single Sorption Step, hydrogen is Sorbed at a 
rate of 0.001 to about 0.05 mol H. per cubic centimeter (cc) 
of sorbent, more preferably at least 0.01, and still more 
preferably at least 0.03 mol H. per cubic centimeter (cc) of 
sorbent. This sorption step preferably occurs in less than 10 
Seconds, and more preferably less than 1 Second, and Still 
more preferably less than 0.1 second. Preferably, in a single 
desorption Step, hydrogen is desorbed at a rate of 0.001 to 
about 0.05 mol H. per cubic centimeter (cc) of sorbent, more 
preferably at least 0.01, and still more preferably at least 
0.03 mol H. per cubic centimeter (cc) of sorbent. This 
desorption Step preferably occurs in less than 10 Seconds, 
more preferably less than 1 Second, and still more preferably 
less than 0.1 Second. 

The most important characteristics of the invention, 
Viewed in its totality, are the Separating ability and produc 
tivity. Preferably, gas obtained from the inventive process 
and apparatus is at least twice as pure, more preferably at 
least 10 times (one tenth the initial mass of contaminants, 
e.g., 90% pure to 99% pure), still more preferably at least 
100 times, more pure than the initial hydrogen-containing 
mixture. Also, preferably, the invention produces hydrogen 
at a rate of 100 to about 3000 standard cubic feet (scf) H. per 
cubic centimeter (cc) of Sorbent per day, more preferably at 
least 1000, and still more preferably at least 2000 scf H. per 
cubic centimeter (cc) of Sorbent per day. This rate can occur 
in batch, Semi-continuous or continuous form, and for any 
fraction of a day, and, more preferably for multiple dayS. 

EXAMPLES 

Test apparatus was constructed using 0.5 inch stainless or 
low carbon Steel tubing that had its external Surface covered 
with a Pd coating of either Pd metal, Pd-Palloy or Pd-Ni 
alloy. Eight inches of the Pd-covered tube was jacketed in a 
2-inch diameter tube having a gas inlet and pressure gauge. 
Cold water (8-15 C.) and 109-153 C. steam were passed 
through the tube for the cold and hot portions of a cycle, 
respectively. 

Palladium-phosphorus alloy was electrolessly plated as 
follows. A palladium Solution was prepared by mixing 2.0 g 
PdCl2, 3.8 g. potassium Sodium tartrate tetrahydrate, 5.12 g 
ethylenediamine and 0.82 g sodium hypophosphite in 200 
ml water and pH adjusted to 8.5 by addition of HC1. A 
Stainless Steel bar was treated with Sulfuric acid, rinsed with 
water and wiped with toluene to remove any grease. The 
Stainless Steel bar was then reacted for 3 minutes with a 
Sensitizer Solution prepared by dissolving 2.4 g tin Sulfate 
and 10 ml conc. HCl in 250 ml water. The sensitized steel 
bar was then transferred for 1 minute to a seed Solution that 
had been prepared by dissolving 0.0125 g PdCl and 10 ml 
conc. HCl in 250 ml water. The steel bar was removed, 
rinsed with water and immediately plated by immersing in 
the palladium Solution. After depositing the desired 
thickness, the bar was removed, rinsed with isopropyl alco 
hol and dried. Deionized water was used in all preparations. 

Palladium was electrolytically plated as follows. An elec 
trolytic palladium Solution was prepared by mixing 2.5 g. 
diaminepalladium (II) nitrite with 27.5 g ammonium sulfa 
mate in 250 ml water and pH adjusted to 7.5-8.5 by addition 
of ammonia. A Stainless Steel bar was cleaned by immersion 
in a Solution of Sodium hydroxide, Sodium carbonate and 
Sodium lauryl sulfate. The steel bar was removed from this 
Solution and wiped with toluene to remove grease. Electrical 
wires were attached to the bar and, while the bar was in the 
Sodium hydroxide cleaning Solution, current applied for 2 
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minutes at a current density of 50 A/ff. The bar was 
removed and immediately placed in the electrolytic palla 
dium solution and 5 A/ft of current applied with the steel 
bar as the cathode. A low carbon Steel was electroplated by 
an analogous process. 

A tube coated with Pd-nickel cermet was prepared accord 
ing to manufacturer's directions. 

For each tube, multiple cycles were performed. Results 
from initial runs were discarded because residual oxygen led 
to Spurious results (water formed), but these runs were 
necessary to condition the coatings. Examples of data are 
shown in FIGS. 10a and 10b. The results of several runs 
were averaged and the results are presented in the table 
below. Nitrogen gas and bare Stainless Steel were used a 
reference and blank, respectively. 

TABLE 1. 

Rates of Hydrogen Sorption and Desorption 

Ave. Ave. 
Desorp- Absorp 

tion Std. tion 
Rate Dew. Rate 

(PSI/ (PSI/ (PSII Std. Dev. 
Gas System sec) sec) sec) (PSI/sec) 

Nitrogen 0.2687 g O.748 0.064 0.511 O.O34 
Electrolytic Pd 

Nitrogen 12.0591 g O.736 O.O28 O.591 O.O17 
Cermet Pd 

Hydrogen 12.0591 g 1.333 O.159 1087 O.O32 
Cermet Pd 

Nitrogen 0.2687 g 0.770 O.O13 O.S89 O.106 
Electrolytic Pd 

Hydrogen 0.2687 g 1833 O.O57 1533 O.O99 
Electrolytic Pd 

Hydrogen Bare SS 1.367 0.055 1.033 O.OO6 
Nitrogen Bare SS 0.756 O.OO9 O.627 O.O40 
Nitrogen 0.67 micron O.746 O.O23 O.650 O.O10 

Electrolytic Pd 
Hydrogen 0.67 micron 1553 O.O21 1.17O O.O2O 

Electrolytic Pd 

Using the reference and blank, the absorption/desorption 
rates are then corrected for the effect of expansion/ 
contraction that all gases undergo due to change in tempera 
ture. In addition, rates of desorption/absorption on the 
method blank (a bare stainless Steel bar) are Subtracted in 
order to fully examine the effect of palladium. 

(Petri electrolessPad (lit. SS Atime Atime 

Atime 
APN2, desorption, electrolessPd APH2, desorption, SS 

Atime 

APH, desorption, electroles Pd, corrected 
Atime 

Again, using the electroless palladium System as an example 
(data from Table 1): 

(1.553 psig/sec)-(1.367 psig sec)-(0.746 psig/sec)-(0.756 psig? 
sec)=0.186 psigisec 

Note that the average desorption rate for nitrogen on palla 
dium is less than the desorption rate for nitrogen on Stainless 
steel. Since the difference (0.01 psig/sec) is within the 
uncertainty for the values, the numbers are assumed to be 
essentially equal. 
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In order to propagate the uncertainty, the general error 
propagation equation is used: 

For X=f(u, v, . . . ) 

Then: 

ai (r.1)+(i(s) + 
Because our equation is essentially X=A-B-C-D), then 
in this case: 

o=0.064 psig/sec 

So the corrected rate of hydrogen desorption for the elec 
troless palladium system is reported to be 0.186+0.064 
psig/sec. AS this is a change in preSSure, then psig/sec=psia/ 
SCC. 

The next Step is to convert from psia/sec to moles of 
hydrogen gas released upon desorption. This conversion is 
accomplished using the ideal gas law, pV= nRT. In this case, 
(Ap/dt)V=(An/dt)RT, where (Ap/dt) is the rate of desorption 
in psia/sec (calculated above), V is the Volume of the reactor 
(0.620+0.001 L), (An/dt) is the rate of desorption in moles 
of hydrogen/sec, R is the ideal gas constant (1.206049 
L* psia/mol.K), and T is the desorption temperature (150 
C=423 K). So, 

An (Ap / dt) V (0.186 psia/sec)(0.620 L) 
it RT (logo L. atm = 0.000226 molfsec 

mol. K 423 K) 

Error is again propagated using the general error propaga 
tion equation, and this value is reported as (2.26+0.78)x10' 
mol H/sec. For the electroleSS palladium System, the mass 
of palladium plated onto the bar was determined with an 
electronic balance to be 0.0661+0.0001 g. Because palla 
dium has a known density of 12.02 g/cm, the volume of 
palladium plated is calculated using 

MassPd 0.0661 g = T = - = 0.005499 cm Pd Density 12.02 s 
C 

VPd 

AS before, error is propagated and the Volume of palladium 
plated is reported as (5.50+0.01)x10 cm. The amount of 
hydrogen gas produced per Second per cubic centimeter of 
palladium, B, can now be calculated, 

din fait (0.000226 mol H/sec) 0.0411 mol H2 
V (0.00550 cm3 Pd) sec. cm Pa 

After error propagation, B is reported to be (4.11+1.41)x10° 
mol H/sec cm Pd. 

1O 
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From FIG. 10a, the approximate desorption time is =0.6 

Seconds. This value is recorded, and then along with the 
desorption time for cycles five and Six, an average desorp 
tion time is calculated. For the electroless palladium System, 
the average desorption time is 0.6-0.1 Seconds. It is now 
possible to calculate the moles of hydrogen released upon 
desorption per cycle per cubic centimeter of palladium, e, 

0.0411 mol H2 
sec. cm 

0.0247 mol H 
e = f3x Cycle Time = ( cycle. cm X 0.6 seconds = 

After error propagation, e=(2.47+0.94)x10° mol 
H/cycle cm Pd. 
Knowing the cycle time, it is possible to calculate the 

theoretical number of desorption cycles per day, v, 

(seconds/day) 
(seconds/cycle) 

(86400 seconds/day) = 144000 cyclesiday 
(0.6 seconds/cycle) 

which is reported as v=144000-24000 cycles/day. 
Finally, the Standard cubic feet of hydrogen released per 

day per cubic centimeter of palladium, p, can be calculated: 

( L boy scf th p = &V - : mol H2 LH2 

(E mol H2 144000 Scie?. LH2 (i. scf th cycle. cm day mol H2 LH2 

2812 scf H 
p = day. cm3 Pd 

After error propagation, this value is reported to be: 

(p=(2.81+1.17)x10 scf H/day cm Pd. 

Thus, in order to desorp one million standard cubic feet of 
hydrogen per day, the required amount of palladium, 
V pd. MSCF. S. 

VPd. MSCF = 

(100000 scf H/day) (1000000 scf H/day) 
p (2810 scf H./day cm Pd) 

= 356 cm Pd 

reported as (3.56+1.48)x10 cm Pd. Converting this value 
to mass of palladium, Ill Pai. MSCF, Il PaMSCF-VPdMSCFX 
Density=(356 cm Pd)x(0.01202 kg/cm Pd)=4.28 kg Pd 
reported as 4.28+1.79 kg Pd. These calculations were 
repeated for absorption, and for the electrolytic palladium 
System. 

For the following conditions: 
Initial pressure=-7.00+/-0.05 psig 
Initial Temperature=298+/-3 K 
AT for desorption=+139 K (423 K) (150° C.) 
AT for absorption=-139 K (284 K) (11° C) 
Electrolessly plated Palladium (on stainless steel): 
desorption rate=(2.81+1.17)x10 scf H/(day cm Pd) 
mPisci-4.28t1.79 kg Pd 

absorption rate=(2.55+1.36)x10 scf H/(day cm Pd) 
mes-4.71+2.51 kg Pd. 

single cycle desorption=(2.47+0.94)x10° mol H/cm Pd 
single cycle absorption=(4.11+1.82)x10° mol H/cm Pd 
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Electroless System characteristics: 
0.0661 g Pd=5.50x10 cm Pd=6.211x10" mol 

Pd=0.672 micron thickness over an area of 81.79 cm’. 
Desorption Cycle Time=0.6+0.1 sec. Absorption Cycle 
Time=1.1+0.2 sec. 5 

Electrolytically plated Palladium (on low carbon steel): 
desorption rate=(1.73+0.49)x10 scf H/(day cm Pd) 
mes-6.95t1.97 kg Pd 

absorption rate=(2.77+0.76)x10 scf H/(day-cm Pd) 
mes-4.34t1.19 kg Pd 1O 

single cycle desorption=(2.03+0.51)x10f mol H/cm Pd 
single cycle absorption=(3.64+0.91)x10° mol H/cm Pd 
Electrolytic System characteristics: 
0.2687 g Pd=2.235x10 cm Pd=2.525x10 mol 

Pd=2.80 micron thickness over an area of 79.80 cm’. 
Desorption Cycle Time=0.8+0.1 sec. Absorption Cycle 
Time=0.9.0.1 Sec. 

In addition, it was discovered that the Sorption/desorption 
rates for hydrogen gas in the current invention increase with 
partial pressure of the hydrogen (P). This increase in rate 
with P is illustrated in Table 2 where two sets of sorption/ 
desorption data are compared in which the P of the feed 
gas was varied by about a factor of 2.17. 

15 
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TABLE 2 

Observed Observed Temperature 
PH2 Sorption Rate Desorption Jump Range 

Sorbent (psia) (psi/sec) Rate (psi/sec) ( C.) 
3O 

Pd-Palloy 7.6OO 1.17O 1553 107 
(prepared by 
electroless 
plating) 
Pd-Palloy 16.526 2.364 2.654 83 
(prepared by 35 
electroless 
plating) 

Although we do not wish to be bound by any theories, this 
unexpected result for the desorption case, which normally 
may not be expected to show a P. dependence (Laidler, K. 
J., “Chemical Kinetics”, McGraw-Hill (New York, N.Y.), 
1965, p259ff), is suspected might be due to the higher 
loading of H in the Sorbent during the Sorption cycle. This 
feed pressure benefit is significant as the higher rate allows 
even lower temperature jump ranges to be employed to 
practice the invention. Such shorter jump times reduces 
process cycle times and heat transfer requirements, thereby 
decreasing energy requirements and increasing the produc 
tivity of purified hydrogen for a given apparatus design and 
configuration. 

While preferred embodiments of the present invention 
have been described, it will be apparent to those skilled in 
the art that many changes and modifications may be made 
without departing from the invention in its broader aspects. 
The appended claims are therefore intended to cover all Such 
changes and modifications as fall within the true Spirit and 
Scope of the invention. 
We claim: 
1. A method of Separating hydrogen gas comprising: 
a first Step comprising Sorbing hydrogen gas, this first Step 

comprising passing a hydrogen-containing gas mixture 
into a channel at a first temperature, 

wherein the channel comprises channel walls and a Sor 
bent exposed to the gas, and 

wherein flow through the channel is constrained Such that 
in at least one croSS-Sectional area of the channel, the 
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farthest distance from any point within the croSS 
Sectional area to a channel wall is less than 0.5 cm; and 
wherein the Step of Sorbing hydrogen gas is conducted 
at a rate of at least 0.01 mmol of H/(second)(cm of 
sorbent); 

a Second step comprising increasing the temperature of 
the Sorbent, this Second step comprising adding energy 
from an energy Source; and 

a third Step comprising desorption of hydrogen gas at a 
Second temperature and obtaining hydrogen that was 
Sorbed in the first Step, wherein the Second temperature 
is higher than the first temperature. 

2. The method of claim 1 wherein the second and third 
Steps occur Simultaneously. 

3. The method of claim 1 wherein the sorbent comprises 
a Surface of palladium or a palladium alloy that is exposed 
to the gas. 

4. The method of claim 3, wherein the hydrogen obtained 
is not compressed. 

5. The method of claim 3 wherein the second step 
comprises increasing temperature at a rate of at least 100 C. 
per Second. 

6. The method of claim 5 wherein the rate of desorption 
in the third Step is increased by using a heated Sweep gas. 

7. The method of claim 1 further comprising a step, that 
follows the third step, of removing heat from the channel 
into a microchannel heat eXchanger. 

8. The method of claim 7 comprising heating down the 
length of a channel to drive off Sorbed gas while introducing 
feed to the beginning of the channel. 

9. The method of claim 7 wherein the method produces a 
product gas and the product gas obtained has a hydrogen 
purity at least 10 times greater than the hydrogen-containing 
gas mixture, and wherein the method produces hydrogen at 
a rate of at least 2000 Scf H. per cc of Sorbent per day. 

10. The method of claim 1 wherein the second and third 
Steps, combined, take 10 Seconds or leSS and wherein at least 
20% of the hydrogen sorbed in the first step is desorbed from 
the Sorbent. 

11. A method of Separating hydrogen gas comprising: 
a first Step comprising Sorbing hydrogen gas, this first Step 

comprising passing a hydrogen-containing gas mixture 
into a channel at a first temperature 

wherein the channel has a Surface exposed to the gas and 
comprises Sorbent on at least a portion of the Surface, 
and 

wherein the Step of Sorbing hydrogen gas is conducted at 
a rate of at least 0.01 mmol of H/(second)(cm of 
sorbent); 

a Second step comprising increasing the temperature of 
the Sorbent Surface, this Second step comprising adding 
energy from an energy Source; and 

a third Step comprising desorption of hydrogen gas at a 
Second temperature and obtaining a hydrogen that was 
Sorbed in the first Step, wherein the Second temperature 
is higher than the first temperature; and 

wherein the Second and third Steps, combined, take 10 
seconds or less and wherein at least 20% of the hydro 
gen sorbed in the first step is desorbed from the sorbent. 

12. The method of claim 11, wherein the channel has at 
least one dimension of less than about 2 mm. 

13. The method of claim 11, wherein a heat exchanger is 
in thermal contact with the flow channel. 

14. The method of claim 13, wherein conditions for the 
Sorption Step and the desorption Step are Selected to coincide 
with a phase change of a heat transport fluid. 
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15. The method of claim 11, wherein the sorption and 
desorption Steps is conducted at a pressure of about 1 to 
about 1000 psig. 

16. The method of claim 11, wherein the duration of the 
Sorption step is from 0.001 to 2 seconds and the duration of 
the desorption Step is from 0.1 to 1 Second. 

17. A method for Separating hydrogen from a gas mixture, 
comprising: 

in a first step, at a first temperature, contacting a 
hydrogen-containing gas mixture with a Sorbent com 
prising a layer of Pd overlying a hydrogen Sorbent layer 
to Selectively Sorb hydrogen into the Sorbent, 

wherein the thickness of the sorbent including the Pd 
layer is from 0.0001 to 1 mm; 

then Subsequently, in a Second step, adding energy to the 
Sorbent, thus bringing the Sorbent to a Second tempera 
ture that is at least 5 C. higher than the first tempera 
ture and desorbing hydrogen from the Sorbent; and 

obtaining the desorbed hydrogen in a higher purity form 
than the gas mixture. 

18. The method of claim 17, wherein the thickness of the 
sorbent including the Pd layer is from 0.004 to 0.1 mm. 

19. The method of claim 17, wherein the hydrogen 
sorbent layer has a thickness of 10 nm to 1 mm. 

20. The method of claim 19, wherein the Pd layer has a 
thickness of less than 0.025 mm. 

21. The method of claim 19, wherein the Pd layer has a 
thickness of from about 0.0001 to about 0.02 mm. 

22. The method of claim 17, wherein the Sorbent is the 
Same material as the Pd layer. 

23. The method of claim 17, wherein the Sorbent includes 
a metal hydride forming element. 

24. The method of claim 17, wherein the sorbent layer 
includes a member Selected from the group consisting of Pd, 
Pd alloy, Ti, V, LaNis, Al doped nickel lantnanides, and Ni. 

25. The method of claim 17, wherein the temperature 
change in the Second Step is carried out at a rate of from 200 
to 2000 C/sec. 

26. The method of claim 17, wherein at least 80% of the 
exposed surface of the sorbent is coated with the Pd layer. 

27. The method of claim 17, wherein the Pd layer includes 
a Secondary or tertiary material. 

28. The method of claim 17, wherein the Pd layer includes 
Ru particles. 
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29. The method of claim 17, wherein temperature change 

in the Second step is carried out at a rate of at least 20 
C./Sec. 

30. The method of claim 17 wherein the first step occurs 
in a first Stage, and wherein the hydrogen obtained from the 
Second step is recycled into first Stage, and the first and 
Second Steps are repeated. 

31. A method for Separating hydrogen from a gas mixture, 
comprising: 

passing a hydrogen-containing gas mixture into a first 
Sorption region at a first temperature and first pressure, 
wherein the first Sorption region comprises a first 
Sorbent and wherein the temperature and pressure in the 
first Sorption region are Selected to favor Sorption of 
hydrogen into the first sorbent in the first sorption 
region; and Selectively removing hydrogen from Said 
gas mixture thus resulting in Sorbed hydrogen in the 
first Sorbent and a relatively hydrogen-depleted gas 
mixture; 

passing the relatively hydrogen-depleted gas mixture into 
a Second Sorption region at a Second temperature and 
Second pressure, wherein the Second Sorption region 
comprises a Second Sorbent and wherein the tempera 
ture and pressure in the Second Sorption region are 
Selected to favor Sorption of hydrogen into the Sorbent 
in the Second Sorption region; and Selectively removing 
hydrogen from Said relatively hydrogen-depleted gas 
mixture thus resulting in Sorbed hydrogen in the Second 
Sorbent and a relatively more hydrogen-depleted gas 
mixture; 

wherein the Second temperature and Second pressure are 
different than the first temperature and first preSSure, 

adding heat to the first Sorbent, through a distance of 
about 1 cm or less to substantially the entire first 
Sorbent, to raise the first Sorbent to a third temperature 
and desorbing hydrogen from the first Sorbent; 

adding heat to the Second Sorbent, through a distance of 
about 1 cm or less to Substantially the entire Second 
Sorbent, to raise the Second Sorbent to a fourth tem 
perature and desorbing hydrogen from the Second Sor 
bent; and 

obtaining the hydrogen desorbed from the first and Second 
Sorbents. 


